The protein encoded by gene 45 of T4 bacteriophage (gene 45 protein or gp45), is responsible for tethering the catalytic subunit of T4 DNA Polymerase to DNA during high-speed replication. Also referred to as a sliding DNA clamp, gp45 is similar in its function to the processivity factors of bacterial and eukaryotic DNA polymerases, the b-clamp and PCNA, respectively. Crystallographic analysis has shown that the b-clamp and PCNA form highly symmetrical ring-shaped structures through which duplex DNA can be threaded. Gp45 shares no sequence similarity with b-clamp or PCNA, and sequence comparisons have not been able to establish whether it adopts a similar structure. We have determined the crystal structure of gp45 from T4 bacteriophage at 2.4 A Ê resolution, using multiple isomorphous replacement. The protein forms a trimeric ringshaped assembly with overall dimensions that are similar to those of the bacterial and eukaryotic processivity factors. Each monomer of gp45 contains two domains that are very similar in chain fold to those of b-clamp and PCNA. Despite an overall negative charge, the inner surface of the ring is in a region of positive electrostatic potential, consistent with a mechanism in which DNA is threaded through the ring.
Introduction
Highly processive DNA polymerases in bacteria and eukaryotes achieve remarkable speed in DNA replication by tethering their catalytic subunits to ring-shaped proteins (e.g. see Huang et al., 1981; Kuriyan & O'Donnell, 1993; Stillman, 1994; Stukenberg et al., 1991) . These proteins, known as sliding clamps, encircle DNA and allow the polymerases to move rapidly without detachment from the template. This principle was ®rst established for the b-clamp of Escherichia coli DNA polymerase III complex, which allows the polymerase to move for thousands of nucleotides along the template without dissociation (reviewed by Kelman & O'Donnell, 1995) .
The crystal structure of the b-clamp showed that two molecules of b form a ring-shaped dimer that can girdle duplex DNA without steric hindrance (Kong et al., 1992) . Although the overall charge of the protein is negative, the distribution of charged residues within the protein is such that the space inside the ring is a region of positive electrostatic potential. The structure provided an immediate explanation for how the protein can move rapidly along DNA without dissociation, since it revealed the basis for a non-speci®c topological interaction with DNA.
The connection between structure and function that is so apparent in the b-clamp naturally raised the question as to whether the processivity factors for other DNA polymerases adopt a similar ringshaped structure. The bacterial b-clamp is a dimer of $40 kDa subunits, whereas the eukaryotic DNA polymerase processivity factor PCNA and gp45 (protein encoded by gene 45) are trimers of $25 kDa subunits. The internal symmetry of the bring suggested that PCNA and gp45 could form similar rings if each monomer of these proteins contained two of the three domains of the b-clamp (Kong et al., 1992) . While this proposal has an attractive simplicity to it, the amino acid sequences of these proteins are completely unrelated and the truth of this proposal can be established only by crystallographic analysis. The crystal structures of yeast and human PCNA have been determined and have con®rmed that the principles established for the bacterial processivity factor are readily transferred to the eukaryotic system (Gulbis et al., 1996; Krishna et al., 1994) .
The bacteriophage T4 replication apparatus has served as an important model system for understanding the principles underlying high-speed DNA replication. Replication of T4 DNA is performed by four proteins. These are the DNA polymerase (gp43), the processivity clamp (gp45) and two proteins (gp44 and gp62) that make up an ATP-dependent clamp-loader assembly that loads the clamp onto DNA. The gene 45 protein of phage T4 is the original``sliding clamp'', identi®ed by Alberts and colleagues as one of the proteins responsible for the remarkably processive replication of DNA by T4 DNA polymerase and for its ability to pass through DNA hairpins (Huang et al., 1981) . gp45 acts also as a transcriptional activator for late genes, by interacting with RNA polymerase (Herendeen et al., 1989) .
The gp45 protein has been shown to form trimers in the absence of DNA (Jarvis et al., 1989) , and cryo-electron microscopic images suggest that it is a disk-shaped protein that encircles DNA (Gogol et al., 1992) . Although we have speculated that its architecture would resemble that of E. coli b subunit and eukaryotic PCNA (Kong et al., 1992) , the lack of any signi®cant sequence similarity between these proteins requires that the crystal structure of gp45 be determined. This is particularly the case, since the sequence alignment on which we based the proposal that the b-clamp, PCNA and gp45 would resemble each other (Kong et al., 1992) was shown by our subsequent crystallographic analysis of PCNA to be almost completely in error. The structure of PCNA and the b-clamp do, however, resemble each other closely (Krishna et al., 1994) .
Here, we present the crystal structure of the gene 45 protein of T4 bacteriophage, gp45, which forms a ring-shaped trimer in the crystal. A structure-based sequence alignment shows that the sequence identity between gp45 and yeast PCNA is only 10 %. Despite this lack of similarity in their sequences, the structures of the two proteins are striking similar and it seems probable that they interact with DNA in a similar manner. Here, we focus on a discussion of the architectural elements of gp45 and a comparison of this structure to that of PCNA. We have provided preliminary versions of the coordinates of gp45 to other researchers in advance of publication. Several other groups have commented on the implications of our structure for gp45 function in DNA replication and RNA transcription (Alley et al., 1999; Pietroni et al., 1997; Soumillion et al., 1998; Wong & Geiduschek, 1998) .
Results
The overall structure of gp45 resembles that of PCNA The structure of gp45 was determined by multiple isomorphous replacement (MIR), using two mercury derivatives that were obtained by mutating two residues in the protein separately to cysteine. The ®nal model for the protein was re®ned against X-ray data to 2.4 A Ê (see Materials and Methods). The crystals contain a trimer of gp45 in the asymmetric unit, which forms a ring (Figure 1 ). The longest dimensions across the outer surface of the ring are $85 A Ê , and the ring has an internal diameter of $35 A Ê and a thickness of 25-26 A Ê (these distances are between pairs of C a atoms). The ring formed by gp45 is very similar to that formed by PCNA and the b-clamp ( Figure 1 ). As in PCNA and b-clamp, the topology of the chain fold of gp45 is highly symmetrical, despite the lack of apparent internal symmetry in the amino acid sequence (Figure 2 ). Each monomer of gp45 consists of two domains, Figure 1 . Comparison of the structures of gp45 (left) and PCNA (right). Each monomer in the trimer is colored differently. The two domains in each monomer are referred to as domain 1 and domain 2. The structure of PCNA depicted here is that of the protein from the yeast Saccharomyces cerevisiae (Krishna et al., 1994) , RCSB Protein Databank code 1PLQ. each of which is composed of a twofold repeat of a b-a-b-b-b structural motif. The entire ring is made up of this motif repeated 12 times around a circle. The 12 a-helices of the motif are arranged adjacent to each other and they line the inner surface of the ring. The b-strands form six b-sheets, which are on the outer surface, of the ring and give it integrity by straddling the inter-domain and inter-molecular interfaces.
The fold of the polypeptide chain is very similar to that seen in PCNA and the E. coli b clamp subunit (Figure 3 ). Each monomer of gp45 consists of two domains of $100 residues each. Each domain is wedge-shaped, with two a-helices arranged in an anti-parallel arrangement along the broad face of the wedge. Two bsheets that are almost orthogonal to each other form the two outer surfaces of the wedge, and these sheets are continued across the interdomain and inter-molecular boundaries.
A striking feature of the b and the PCNA structures is the nature of the connecting loops that link different domains. Adjacent domains are packed in a head-to-tail arrangement in these proteins, which necessitates a long inter-domain linker that passes over the central b-sheet in a characteristic manner that is conserved in the bacterial and eukaryotic clamps. The structure of gp45 shows that it has a similar inter-domain connector (Figure 4(b) ). The similarity in the inter-domain connectors between b-clamp, PCNA and gp45 suggests that it might correlate with a conserved functional requirement. In eukaryotes, the cell-cycle inhibitor p21/waf-1/ cip1 has been shown to directly inhibit DNA replication by binding to the inter-domain connector of PCNA (Figure 4(b) ) (Flores-Rozas et al., 1994; Gulbis et al., 1996; Waga et al., 1994; Warbrick et al., 1995) . A crucial role for the linker in the attachment of the DNA polymerase to the ring has been demonstrated recently (Shamoo & Steitz, 1999) . Using our structure of gp45 as a molecular replacement search model, Steitz and co-workers have determined the structure of the processivity factor for the DNA polymerase of bacteriophage RB69, a close relative of bacteriophage T4. Their structure, which is very similar to that of T4 gp45, shows that the interaction between the RB69 processivity factor and the DNA polymerase mimics the interaction of p21/waf-1/cip1 with PCNA (Shamoo & Steitz, 1999) .
The structures of gp45 and PCNA diverge in detail
While the similarities between gp45 and PCNA are striking, there is considerable divergence between the two structures when they are examined closely. Much of the differences result from a loss of regularity in the formation of the secondary structural elements in gp45. The two domains in gp45 are less similar to each other than those of PCNA, which gives the gp45 ring a triangular appearance that contrasts to the clearly hexagonal shape of PCNA (see ®gure 1). For example, one of the a-helices in the second domain of gp45 is reduced to just one helical turn (Figure 2) . Several of the b-strands in gp45 are shorter than the corresponding elements in PCNA (the N-terminal Figure 2 . Structure-based sequence alignment of gp45 and yeast PCNA. The crystal structures of gp45 and PCNA were aligned using DALI (http://www2.embl-ebi.ac.uk/dali/fssp/) (Holm & Sander, 1993) , and the regions considered by DALI to be structurally overlapped are boxed. Secondary structural elements are depicted as red rectangles (a-helices) and blue arrows (b-strands). Sequence similarity is indicated in color, with green for identity and shades of green to yellow for decreasing degrees of similarity. The alignment has been organized to highlight the internal symmetry of the molecules. Secondary structural elements have been sequentially labeled (e.g. aA 1 , bB 1 for domain 1 and aA 2 . bB 2 for domain 2. This numbering follows that of PCNA (Krishna et al., 1994) .
T4 DNA Polymerase Processivity Factor strand of PCNA is missing altogether in gp45), and the hydrogen bonding networks are less regular.
The functional signi®cance of the structural irregularities in gp45 is unclear, but they may be related to the fact that the gp45 ring is less stable than that of PCNA and b-clamp. Unlike b and PCNA, which do not readily fall off DNA once they are loaded, gp45 attains stability on DNA only in the presence of the polymerase (Yao et al., 1994) . It appears that the gp45 ring readily adopts an open con®guration in solution (Alley et al., 1999) . Consistent with this, the inter-domain interfaces in gp45 are less extensive than in PCNA or in the b-clamp (Figure 4 ). The number of hydrogen bonds at the interface is reduced from eight in PCNA to four in gp45, and the total surface area that is buried in gp45 upon trimer formation (%2600 A Ê 2 ) is 52 % of the area buried in PCNA (%5000 A Ê 2 ).
Alignment of the structures of gp45 and PCNA using the DALI server (Holm & Sander, 1993) results in the superposition of 78 residues in the Nterminal domains of gp45 and PCNA, with an rms deviation in C a positions of 2.7 A Ê over these residues (Figure 3) . The overall sequence identity between gp45 and PCNA, after structural alignment of both domains, is 10 % (Figure 2 ). For comparison, the two domains of yeast PCNA share 15 % sequence identity, and the sequence identity between various domains of the b-clamp, or between domains of the b-clamp and PCNA, ranges from 6 % to 15 %. In terms of rms deviations, the structure of gp45 is not strikingly different from that of the other clamp proteins, but the increased irregularity in secondary structural elements gives gp45 a distinctive appearance when compared to the other two.
The electrostatic properties of the gp45 ring are similar to that of PCNA Despite these differences in the details of the architecture, the most striking result obtained on comparing the structure of gp45 with that of PCNA and the b-clamp is the conservation of the nature of the electrostatic potential generated by these proteins ( Figure 5 ). All three proteins have net negative charge: the b-clamp dimer has a net charge of À22, and the yeast PCNA and gp45 trimers have net charges of À60 and À21, respectively, assuming histidine to be neutral. As in PCNA and b, the distribution of charged sidechains in gp45 is such that the center of the ring is a region of positive electrostatic potential ( Figure 5 ).
In addition to the conservation of positive electrostatic potential in the center of the rings, the internal diameter of the hole in the center is similar in all three processivity clamps ($35 A Ê ). Duplex Bform or A-form DNA have similar cross-sectional widths ($23.7 A Ê (B), $25.5 (A)), and both can readily pass through the centers of each of the rings (Figure 6 ).
Conclusions
DNA polymerases involved in chromosomal replication are notable in being very poorly processive in the absence of their cognate processivity factors. The coupling of the polymerase to a separate DNA-bound protein in order to achieve high processivity allows for proper regulation of the polymerase, as well as facilitating the rapid cycling of the polymerase from one site of discontinuous DNA replication to another. The striking similarity (Holm & Sander, 1993). between the structures of the processivity factors from bacteria, eukaryotes and now from T4 bacteriophage suggests strongly that the mechanism of achieving processivity by hooking the polymerase to a ring-shaped sliding clamp was arrived at early in evolution and has been elaborated on ever since.
A common origin for these replication machines is also suggested by consideration of the ATP-dependent proteins that load these clamps onto DNA. These proteins, the gp44/62 complex in T4 bacteriophage, the g-complex in eubacteria, and the replication factor-C (RF-C) complex in eukaryotes, share recognizable sequence similarity and are likely to be related structurally (Guenther et al., 1997; O'Donnell et al., 1993) . Now that the structural principles underlying processivity are established for all the well-studied replication systems, it is anticipated that the focus of structural analysis will turn to the elucidation of the clamp-loader complexes and intact replisomes. (Gulbis et al., 1996) (right) . (a) Domains 1 and 2 are stitched together by an eight-stranded b-sheet in both cases. The PCNA dimer is held together by eight hydrogen bonds, while gp45 has only four. (b) The secondary structural elements in gp45 are more irregular, however. For example, b-sheet continuity is disrupted by an increase in separation of two adjacent strands in gp45 (indicated by a red arrow). The inter-domain connector, which provides a binding site for the p2l/waf1 inhibitor protein (green) in human PCNA, is shown in blue.
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Materials and Methods
Recombinant gp45 protein was expressed in E. coli (strain DH5-a) from plasmid pTL151-W (Rush et al., 1989) . Cultures were grown at 32 C to mid-logarithmic phase and protein production was induced by shifting the temperature to 42 C for three hours. The protein was puri®ed by anion-exchange chromatography followed by af®nity chromatography on heparin-Sepharose. Single-site cysteine mutants were generated using mutagenic primers and the polymerase chain reaction (PCR). Ampli®ed fragments containing the appropriate restriction sites were cloned into the NdeI and BamHI sites of the pET26b vector and expression of the mutant proteins was carried out in E. coli strain BL21/pLysS according to standard procedures. For crystallization, wild-type and mutant gp45 proteins were concentrated to 15 mg/ml in 10 mM Tris (pH 8.0) by ultra®ltration (Amicon). The crystallization of gp45 has been reported (Thaller et al., 1984) but, since the earlier analysis did not yield highquality crystals, we screened for new conditions using a sparse matrix screen (Jancaric & Kim, 1991) . After optimization of growth conditions, diffraction quality crystals were obtained overnight by vapor diffusion at 4 C over a reservoir consisting of 60 mM Pipes (pH 6.6), 200 mM CaSO 4 . 0.1 % (v/v) 1,4-dioxane, 15 % (v/v) glycerol, 15 % (v/v) PEG-MME 5 K (polyethylene glycol mono-methyl ether, average 5000 Da). The mutant gp45 proteins were derivatized with mercury by dialysis against 0.1 mM PHMB (para-hydroxymercuribenzoic acid) in 10 mM Tris (pH 8.0) for 16 hours at 4 C. Unreacted PHMB was removed by dialysis against a great excess of 10 mM Tris (pH 8.0), and the derivatized proteins were crystallized under conditions identical with those used for the wildtype protein.
For data collection, crystals were ®rst transferred into a solution containing 60 mM Pipes (pH 6.6), 500 mM CaSO 4 , 0.1 % 1,4-dioxane, 20 % glycerol, 15 % PEG-MME 5K. After incubation for 15 minutes the crystals were.
ash-frozen in liquid propane at 100 K. The crystals are in the primitive orthorhombic space group (P2 1 2 1 2 1 , a 66.2 A Ê , b 93.9 A Ê , c 141.9 A Ê ), with three molecules in the asymmetric unit. A native data set to 2.4 A Ê resolution was collected at beamline X25 (National Synchro- (Nicholls et al., 1991) . The left panel shows a map of the electrostatic potential in a plane that passes through the center of the gp45 ring. The colors range from red (corresponding to an electrostatic potential energy of À2.5 k b T, where k b is Boltzmann's constant and T is the temperature) to blue (2.5 k b T). The ionic strength of the solvent was set to be equivalent to 150 mM NaCl. The gp45 ring is a symmetric trimer, but the conformation of the inter-domain connector is slightly different in each of the three molecules. This accounts for the asymmetric appearance of regions of positive potential (blue) along the outer surface of the ring, which is caused by different orientations of lysine residues in this linker. The molecular surface of the gp45 ring, in the same orientation as that used to calculate the electrostatic potential map, is shown at the right. (b) The electrostatic potential map for yeast PCNA, displayed as for gp45. (Kong et al., 1992) (center) and human PCNA (Gulbis et al., 1996) (right) are shown in cross-section. a R sym 100 Â AEjI À hIij/AEI, where I is the integrated intensity of a given re¯ection. b R iso 100 Â AEjF PH À F P j/AEF P , where F PH and F P are the derivative and native structure factor amplitudes, respectively. c Phasing power AEjF H j/AEjjF PHcalc jj, where F H is the calculated heavy-atom structure factor amplitude. d Figure of merit hjAEP(a)e ia /AEjP(a)ji, where a is the phase and P(a) is the phase probability distribution. e R free AEjF obs À F calc j/AEF obs , calculated using 10 % of the data. f R working AEjF obs À F calc j/AEF obs , tron Light Source, Brookhaven) from a single frozen native crystal, using an X-ray wavelength of 1.1 A Ê and an MAR image-plate area detector. All data were processed using programs DENZO and SCALEPACK.
Attempts to solve the structure by molecular replacement, using the structures of PCNA as search models, were unsuccessful. An exhaustive screen for heavy-metal derivatives failed to identify useful compounds. Sitespeci®c mutagenesis was therefore used to replace polar and charged amino acid residues in the N-terminal region (residues 5 to 20) by cysteine. The resulting proteins were tested for expression, were derivatized with mercury using the procedure described above, and crystallization was attempted. Successful mercury derivatives were obtained for cysteine substitutions at two positions: Thr8 and Lys12. The structure was solved by multiple isomorphous replacement (MIR). Heavy-atom positions were located using SHELX-90 and re®ned using HEAVY. The resulting electron density map was interpretable, and was signi®cantly improved by threefold averaging over the non-crystallographic symmetry. The structure was re®ned using strict non-crystallographic symmetry (NCS) until the very ®nal stages. The inter-domain linker regions in the three molecules in the gp45 trimer adopt somewhat distinct conformations, and these had to be modeled separately. NCS restraints were used in the ®nal stages of the re®nement, with the linker region excluded from the NCS restraints (Table 1) . After a preliminary model had been built and re®ned we were noti®ed by G. J. Latham that the sequence of gp45 in GenBank (accession number 215899; (Spicer et al., 1982) ) had three errors in it. The correct sequence (GenBank accession number M10160; (Latham, 1998; Yeh et al., 1998) ) includes three changes (R92P, D99V and L128V) and one insertion (Asp after Asp197). The revised sequence was more consistent with the electron density. In the D99V case, for example, an acidic sidechain that was in the interior of the protein is replaced with a hydrophobic one. The ®nal model was re®ned using the revised sequence.
RCSB Protein Data Bank accession code
Coordinates for the gp45 protein and associated structure factors have been deposited with the Protein Data Bank at the Research Collaboratory for Structural Bioinformatics under the accession code 1CZD.
